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Abstract

Members of the Bacteroidetes phylum in the human colon deploy an extensive number of proteins to capture and degrade
polysaccharides. Operons devoted to glycan breakdown and uptake are termed polysaccharide utilization loci or PUL. The
starch utilization system (Sus) is one such PUL and was initially described in Bacteroides thetaiotaomicron (Bt). BtSus is
highly conserved across many species, except for its extracellular a-amylase, SusG. In this work, we show that the Bac-
teroides ovatus (Bo) extracellular a-amylase, BOGH13Ag,, is distinguished from SusG in its evolutionary origin and its
domain architecture and by being the most prevalent form in Bacteroidetes Sus. BOGH13Ag is the founding member of
both a novel subfamily in the glycoside hydrolase family 13, GH13_47, and a novel carbohydrate-binding module, CBM98.
The BoGH13Ag,, CBM98-CBM48-GH13_47 architecture differs from the CBM58 embedded within the GH13_36 of
SusG. These domains adopt a distinct spatial orientation and invoke a different association with the outer membrane. The
BoCBMB98 binding site is required for Bo growth on polysaccharides and optimal enzymatic degradation thereof. Finally, the
BoGH13Ag, structure features bound Ca** and Mn?" ions, the latter of which is novel for an a-amylase. Little is known about
the impact of Mn?* on gut bacterial function, much less on polysaccharide consumption, but Mn?* addition to Bt expressing
BoGH13Ag,, specifically enhances growth on starch. Further understanding of bacterial starch degradation signatures will
enable more tailored prebiotic and pharmaceutical approaches that increase starch flux to the gut.
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dictate health and disease outcomes in certain diet and host
backgrounds [5]. Some interactions are direct, in the case
of bacteria consuming mucus and colonizing the mucosal
surface [6]. Conversely, relationships can be more indirect
in the form of chemical signals that influence host energy
storage, immune development and cell proliferation [7].
One example is in bacterial processing of dietary fiber,
carbohydrate that traverses the gastrointestinal tract unmodi-
fied by host enzymes [8]. Estimates suggest that as much
as 10% of calories can be harvested from the diet via bac-
terial carbohydrate fermentation [9]. Polysaccharide fer-
mentation products in the form of short-chain fatty acids
(SCFAs) have numerous beneficial impacts on host health
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[7]. Some bacteria are considered carbohydrate specialists,
only encoding some glycoside hydrolases (GHs) to digest a
few substrates [10]. However, many species in the abundant
Bacteroidetes phylum, including Bacteroides thetaiotaomi-
cron (Bt), deploy an extensive arsenal of GHs and polysac-
charide lyases (PLs) to metabolize a staggering number of
polysaccharides [11-15].

Dietary fiber degradation in Bacteroidetes is accom-
plished via the coordination of proteins encoded in poly-
saccharide utilization loci, or PUL [15-17]. The discovery
of the PUL that target starch in Bt, the starch utilization
system (Sus), characterized by Abigail Salyers and col-
leagues [18, 19] (Fig. 1A) has served as a model for the
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Fig.1 Bt and Bo Starch Utilization Systems and extracellular
a-amylase proteins. A Cartoon representation of the starch utiliza-
tion system (Sus) from Bt. SusD-G are outer membrane lipoproteins.
SusC is a TonB-dependent transporter. Periplasmic SusA and SusB
complete starch breakdown into glucose. Maltose released during
saccharification binds the SusR regulator to increase expression of
susA-G. B Overview of sus loci in Bt and Bo. Locus tags BT3705-
3698 correspond to SusR-G. Bovatus_03810-03083 correspond to
BoSusR-BoGH13A,.. Genes are colored the same as their represen-
tation in (A). The percentages above the Bo genes indicate the amino
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acid sequence identity, and the coverage is given in parentheses. For
example, BoSGBPg,-B is 38% identical to SusE over 98% of the
SusE sequence. Genes are drawn to scale. Adapted from Foley et al.
[20]. C Schematic of the SusG and BoGH13A, primary amino acid
sequences, at scale. A CBMS58 domain interrupts the GH13-coding
sequence in SusG. BoGH13Ag, contains a CBM98 and CBM48 at
its N terminus. The amino acid numbers delineate the domain bound-
aries. D An overview of constructs referred to throughout the text.
Note that the signal peptide was not included for recombinant protein
expression but is included for variant allele production in Bacteroides
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molecular, biochemical and structural understanding of the
PUL concept. In most PUL, a single extracellular enzyme
cleaves polysaccharides for import and depolymerization
away from competing organisms [17]. One or more sur-
face glycan-binding proteins (SGBPs) may or may not be
present. But, a SusC/D pair, additional surface exposed
or periplasmic enzymes and an ability to sense oligosac-
charides via a regulator are ubiquitous PUL features [15].

In BtSus, starch is degraded at the cell surface by an
endo-acting GH13 amylase lipoprotein, SusG which is
required for growth on starch [21-24]. In the absence of
SusG, Bt can grow on maltooligosaccharides up to DP40
[25]. SusG is mobile on the outer membrane, only forming
a complex with stationary SGBPs SusE and SusF in the
presence of starch [26-28].

The SusG catalytic domain falls into subfamily 36
of GH family 13 according to the Carbohydrate Active
Enzyme database classification (CAZy.org; [29]). It
adopts a classic (B/a)g TIM barrel fold that is interrupted
within the B domain, located between B3 and a3, by a
carbohydrate-binding module from family 58 (CBMS58)
that binds starch [23]. The placement of this CBM is unu-
sual, as CBMs are more frequently appended to the N or
C termini of GHs, with some notable exceptions including
predicted starch-binding CBM20- and CBM21-containing
proteins and some GH10 xylanases [30-32]. In addition
to the CBMS58, the SusG catalytic domain has a surface
starch-binding site adjacent to the active site. The CBMS58
is required for full activity of the enzyme on insoluble
starch, but not on soluble polysaccharide, while the muta-
tion of the surface site results in a mild decrease in activity
on soluble starch and a moderate decrease on insoluble
starch [23].

Starch PUL analogous to BtSus are among the most
frequent in the Bacteroidetes phylum and are widespread
in the Bacteroidia class that mostly consists of gut con-
stituents [33]. The goal of this work was to investigate the
structural and functional differences between SusG and
its analog from Bacteroides ovatus, BOGH13Ag,,. These
enzymes display extremely low sequence similarity despite
very high synteny and conservation of the other Sus com-
ponents (Fig. 1B). We performed structural studies and
in vitro binding assays to characterize a new CBM family
in BoOGH13Ag,,, CBM98. We also observed the contribu-
tion of CBM98 to Bo starch uptake in vivo and how this
compares to SusG. Furthermore, substrate preferences in
BoGH13A,, were analyzed since its catalytic domain rep-
resents a novel GH13 subfamily, GH13_47, distinct from
that of SusG, with a unique preference in a-amylases for
binding Mn**. Our data underscore the importance of indi-
vidual PUL analysis for designing dietary interventions
that influence discrete species toward improved health
outcomes.

Results

BoGH13A¢  has a distinct evolutionary origin
from SusG

The closest homologs to SusG can be found in Bt and
Bacteroides faecis strains (> 97-92% sequence identity)
with the next closest relatives in Phocaeicola dorei strains
(67% identity) [29]. However, in many Bacteroidetes spe-
cies, the starch PUL show higher conservation levels of
non-extracellular a-amylase components while using a
different, but possibly analogous, a-amylase. Bacteroides
ovatus (Bo) is one such organism and encodes an extracel-
lular a-amylase, BOGH13Ag,, that demonstrates a huge
sequence discrepancy compared to SusG with only 40%
coverage and 31% sequence identity. On the other hand,
the Bo homologs of the SusR regulator and SusAB peri-
plasmic enzymes exhibit 88-93% identity and homologs
of surface SusCDEF proteins have good conservation
levels to the equivalent Bt proteins (Fig. 1B). BoSusD,
BoSGBPg,-B and BoSGBPg-A are predicted to have
analogous starch-binding residues to those in SusDEF,
respectively (Supplementary Fig. 1).

BoGHI13Ag, contains an N-terminal CBM-like mod-
ule that defines a new family, CBM98, and an additional
starch-specific CBM48, while it lacks the CBM58 embed-
ded within the GH13. Further, the BOGH13Ag, GH13 cat-
alytic module does not belong to the GH13_36 subfamily
but defines a novel GH13 subfamily, GH13_47 (Fig. 1C;
discussed in more detail hereafter [29]).

This demonstrates that despite the microsynteny
between Bt and Bo Sus genomic regions, BOGH13Ag, and
SusG have a distinct evolutionary origin, the functional
consequences of which have yet to be assessed.

BoGH13A , has an enzymatic profile distinct
from SusG

The BoGH13Ag,, GH13 domain, comprised of prototypi-
cal a-amylase domains A, B and C, is approximately 60
residues shorter than that of SusG and the two GH13s
align with just 21% sequence identity (Supplementary
Fig. 2A,B) [34].

Like most amylases, BoOGH13Ag does not break down
the cyclic oligosaccharides a- and pB-cyclodextrin (aCD
and BCD, respectively), whereas SusG can break these
down, albeit not efficiently [23]. The smallest maltooligo-
saccharide that BOGH13Ag  hydrolyzes is maltotetraose
(G4), while SusG can hydrolyze maltotriose (G3) [23]
(Fig. 2). The fact that glucose is not produced from G4
hydrolysis implies that four subsites in the BOGH13Ag,
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Fig.2 BoGH13Ag,, releases maltose and larger oligosaccharides.
0.5 pM BoGH13Ag,, was incubated at 37 °C overnight in 20 mM
HEPES, 100 mM NaCl, pH 7.0 with 5 mg/ml oligosaccharide
or polysaccharide. 2.5 pl of each sample was loaded onto a TLC
plate. Standards and controls lacking BoGH13Ag,, are included.
Gl—glucose, G2—maltose, G3—maltotriose, G4—maltotetra-
ose, G5—maltopentaose, G6—maltohexaose, G7—maltoheptaose,
aCD—a-cyclodextrin, PCD—p-cyclodextrin, GM—63-a-p-glucosyl-

active site, from - 2 to + 2, must be occupied for catalysis
to occur. The production of G3 and absence of glucose
from G4 hydrolysis are likely due to transglycosylation;
during the reaction, maltohexaose (G6) is generated via
transglycosylation of G4 and G2 and subsequently broken
down to G3 which cannot serve as a substrate. Transgly-
cosylation of two G4 molecules to G8 could subsequently
be hydrolyzed to G3 and G5, which would explain the
formation of the latter. (Fig. 2).

Like SusG, BoGH13Ag, can tolerate al,6 bonds and
breaks down 6°-a-p-glucosyl-maltotriosyl-maltotriose
(GMM) into panose and 6*-a-p-glucosyl-maltotriose (GM)
[35] (Fig. 2). The al,6-linkages would span the — 3/— 2
and+ 1/4+ 2 subsites in this case [36]. These data sup-
port the results observed in pullulan hydrolysis where the
predominant product is panose. A small amount of pan-
ose and glucose is produced from GM which is surpris-
ing given glucose is undetectable from the breakdown of
al,4-containing oligosaccharides (Fig. 2). The a1,6 bond
at the non-reducing end of GM may help anchor the sub-
strate such that the + 2 subsite does not need to be occupied,
unlike what we observed with G4. Structural evidence below
details how BoGH13Ay, accommodates an «1,6 bond at
the — 2 position, which is analogous to how GM would be
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maltotriose, GMM—6>-a-p-glucosyl-maltotriosyl-maltotriose,
PAN—panose, ACA—acarbose, ISO—isomaltose, PUL—pullulan,
AP—potato amylopectin, PS—potato starch, GLY—bovine liver
glycogen, DEX—dextran. *Indicates autoclaved carbohydrate; + indi-
cates BOGH13Ag,, was added;— indicates BOGH13Ag,, was omit-
ted. The inset contains representations of GM, GMM, PAN and ISO
to show the position of «1,6 bonds referred to in the main text

accommodated. BOGH13Ag , does not target al,6 bonds
as the enzyme does not break down panose, isomaltose or
dextran (Fig. 2).

The BoGH13Ag, product profile from the hydrolysis of
polysaccharides is the same as that found in SusG except
that, as observed for the oligosaccharides, glucose is not
released [23]. BoOGH13Ag,, breaks down all autoclaved
polysaccharides tested (indicated by a*) but does not break
down granular potato starch. Compared to amylopectin,
BoGH13Ag,, leaves behind larger oligosaccharides dur-
ing glycogen hydrolysis (Fig. 2). This may be due to the
presence of more al,6 branch points in the latter although
BoGH13Ag, tolerates the single al,6-linked glucose at the
non-reducing end of GM and GMM [37].

The BoGH13A,, structure features an opposite GH
orientation and CBM position relative to the cell
membrane compared to SusG

The 1.9 A resolution structure of BoGHI13Ag, (residues
22-758) was solved by molecular replacement in the
space group P2, with four molecules in the asymmetric
unit (Ry,ou/Rpee 0f 20.9%/27.0%, Table 1). All four protein
monomers align with a root-mean-square deviation (rmsd)



BoGH13A¢, from Bacteroides ovatus represents a novel a-amylase used for Bacteroides...

Page50f30 232

Table1 BoGHI13Ag,,

. WT—native E523Q—maltoheptaose WT—acarbose
crystallographic data and
refinement statistics PDB code SDGE SDL1 SDL2

Resolution range (A) 62.0-1.89 (1.96-1.89) 34.54-2.09 (2.17-2.09) 38.6-1.99 (2.06-1.99)

Space group P2, P2, P2,

Unit cell a=10039 A a=99.68 A_ a=100.08 A
b=148.44 A b=128.64 A b=12531A
c=112.77 A c=149.76 A c=150.78 A
f=91.0° p=105.37° f=102.1°

Total reflections 1,323,840 (120,261) 838,527 (63,708) 1,145,170 (115,127)

Unique reflections 262,849 (25,868) 212,239 (21,205) 244,819 (23,974)

Multiplicity 5.0 (4.6) 394.1) 4.7 (4.8)

Completeness (%) 99.7 (98.5) 98.7(99.2) 98.5 (96.9)

Mean /o (1) 8.8 (1.5) 10 (1.2) 9.6 (1.3)

Wilson B-factor (A2) 27.02 20.84 19.83

R-merge (%) 9.5(95.4) 7.4 (112.3) 8.6 (104.8)

CC1/2 0.997 (0.688) 0.998 (0.467) 0.997 (0.587)

CC* 0.999 (0.903) 0.999 (0.780) 0.999 (0.86)

Reflections used in refinement 262,422 (17,911) 212,221 (21,206) 244,780 (23,973)

Reflections used for R-free 13,119 (942) 10,581 (989) 12,244 (1265)

R-work % 20.9 (26.1) 17.7 (30.1) 17.5 (30.8)

R-free % 27.1 35.7) 22.3(33.1) 21.9 (31.6)

TLS Groups 4 / /

Number of non-hydrogen atoms 24,832 25,543 25,774

Macromolecules 22,790 22,701 22,792

Ions 8 10 9

Ligands 470 945 697

Water 1,564 1,887 2,276

Protein residues 2,842 2,839 2,845

RMS (bonds, A) 0.013 0.017 0.014

RMS (angles, °) 1.71 1.93 1.87

Ramachandran favored (%) 96.05 95.13 95.51

Ramachandran allowed (%) 3.7 4.65 4.28

Ramachandran outliers (%) 0.25 0.21 0.21

Clashscore 2.5 3.8 2.38

Avg. B factor (/0\2) 31.5 28.4 26.4

Macromolecules (/0%2) 31.0 27.7 25.7

Tons (A2) 30.1 343 25.4

Ligands %) 40.5 39.3 324

Solvent (A2) 35.2 32.6 31.7

Highest resolution shell shown in parentheses

of ~0.3 A. The first~20 amino acids in each molecule were
not resolved which likely reflects a flexible linker that con-
nects the first domain of the protein to the outer membrane
via a thioester linkage at a Cys proceeding the signal peptide
(SPII). From the N to C terminus, BOGH13Aq is comprised
of two CBMs followed by a canonical amylase fold with A,
B and C domains as typified by this glycoside hydrolase
family (Fig. 3A).

BoGHI13Ag,, is compact, with the two CBMs packed
closely together and next to the catalytic domain. There
is~2110 A? of buried surface area in the CBM98/

CBM48 + GH13 interface and ~2600 A2 of buried surface
area between the CBM48 and GH13 domains. The interface
between CBM98 and CBM48, along with a small portion of
the GH13 B domain, is held in place by several hydrogen-
bonding interactions (Supplementary Fig. 3A—C). Residues
A90 and N91, which precede the CBM98-binding platform
of W92/W98 discussed below, hydrogen bond to CBM48
via T283 and Q286, which may help orient and stabilize this
binding site (Supplementary Fig. 3A).

Within the CBM48/GH 13 interface, we were surprised to
observe that E274 of CBM48 coordinates the structural Ca**

@ Springer
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A

BoGH13A,,

E ICP-MS Data
Analyte | Concentration (ppb)
Mn 3.052 +/- 0.7%
“Ca 0.151 +/- 0.5%

ion contained in the A domain (Supplementary Fig. 3D).
Typically, a Ca>" ion at this position in the A domain is
held in place by residues only from that domain [23, 40—42].
The extensive interface between the CBM48 and catalytic
domain, including the shared Ca®*, is likely why attempts
to express and purify the GH13 domain alone were unsuc-
cessful. Moreover, it is likely that BOGH13Ag,, remains a
compact structure without significant flexibility or alterna-
tive conformations between the domains in solution.

A DALI search [43] with the catalytic domain of
BoGHI13Ag reveals structural similarity with a-amylases
from Anoxybacillus sp. SK3-4 (Z-score of 35.2) and Geo-
bacillus thermoleovorans (Z-score of 35.0) [44, 45]. These

@ Springer
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proteins are part of a recently assigned GH13_45 sub-
family based on [46] of which BoOGH13Ag is not a part.
The most striking differences between BoOGH13A,, and
these homologs reside in the B domains which is typically
involved in shaping substrate specificity (Supplementary
Fig. 3E).

To compare the three-dimensional structures of SusG
and BoGH13Aq,,, we aligned their GH13 domain and sepa-
rated the proteins for clarity in Fig. 3A (BoGH13Ag,) and
3B (SusG). SusG lacks the two N-terminal CBMs seen in
BoGH13Ag, and instead has a CBMS58 that protrudes from
the B domain (Fig. 3B) [23]. The CBM58 does not make any
hydrogen-bonding contacts with the GH13 domain and is
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«Fig.3 Structural comparison between BoGHI13Ag, and SusG. A
Ribbon representation of the native BoGH13Ag structure. CBM98
in BoGH13Ag,, is colored in slate and corresponds to residues
43-163. CBM48 is colored in teal and corresponds to residues 164—
296. The A domain is colored in purple, B domain in burgundy and
C domain in yellow. The A domain is comprised of residues 297-403
and 451-680; the B domain, residues 404—450; and the C domain,
residues 681-758. Ca®* or Mn>" ions are colored in wheat and repre-
sented as spheres. Surface binding site residues in A and B are shown
as orange sticks. The 27 amino acid linker between CBM98 and
CBM48 is nearly complete in chains A—C, while the start and finish
of the 17 amino acid linker between CBM48 and the catalytic domain
are unresolved in each chain. Finally, a solvent exposed loop in the
C domain centered at N733 and the C terminus is not well resolved
in all chains. B The previously published native structure of SusG is
presented (PDB ID: 3K8K, [23]). SusG amylase domains are colored
as in panel A. The CBMS58 is colored in green. To show the proteins
in A and B, the GH13 domains were aligned and separated into dif-
ferent panels. C Ribbon representation looking down the A domain
barrels of BoGH13Ag,, and SusG. The entire GH13 of each protein
is shown but CBMs were omitted for clarity. BOGH13A, is colored
in red and SusG in blue. a-Helices and p-strands are labeled from N
to C terminus. SusG has two a6 helices labeled a and b. BoGH13Ag
metals are colored in wheat, and those from SusG are colored light
green. The catalytic triad and surface binding site residues (detailed
more in Fig. 4) are shown as orange sticks in BoGH13Ag,, and green
sticks in SusG. The A domains were aligned using the “super” com-
mand in PyMol. D BoGH13Ag, (left) and SusG (right) are displayed
based on their predicted orientation with respect to the outer mem-
brane, as both have an N-terminal lipid embedded in the membrane.
A-D were rendered in PyMol [38, 39]. E The concentrations of >Mn
and *Ca isotopes BoGH13Ag,, as calculated by inductively coupled
plasma mass spectrometry (ICP-MS) quantitation data. Calibra-
tion curves were constructed for both 3*Mn and *Ca to calculate the
concentrations of these species in BoGH13Ag,. The *Ca isotope
was used instead of “°Ca to minimize interference from argon in the
plasma

positioned 40 A away from the active site. This accounts for
the difference in length between the two proteins: SusG has
a maximum length of ~ 120 A due to the extended CBMS58,
while BOGH13Ag, is ~ 100 A despite harboring two N-ter-
minal domains.

The GH13 domains (509 amino acids in SusG and 448
in BOGH13Ag,,) align with a rmsd of 1.9 A, which aligned
71% of the structure (Fig. 3C). Alignment of the amylase
folds of these proteins revealed that the orientation of the
proteins in the outer membrane is inverted (Fig. 3D). Both
proteins have SPII signals [47]; SusG is lipidated at an N-ter-
minal cysteine to anchor it on the cell surface and mutation
of this cysteine to alanine abrogates surface exposure [48].
To confirm that BOGH13Ag, is lipidated in a similar man-
ner, the equivalent cysteine was mutated to alanine. Cells
harboring this allele produce BoGH13Ag, but fail to grow
on starch, suggesting the protein is not translocated to the
outside of the cell (Supplementary Fig. 4). If each protein
has their N-terminal Cys proximal to the membrane, we see
that BoOGH13A,; and SusG have opposite orientations mak-
ing BoGH13Ag , “flipped” in the outer membrane compared
to SusG (Fig. 3D). Thus, BoOGH13A, is oriented such that

the CBMs are proximal to the membrane and the amylase
C domain is distal to the membrane, whereas SusG is ori-
ented with the GH13 C domain proximal and the CBM58
distal to the cell surface. However, for SusG there are 40
residues between the lipidated cysteine and the start of the
A domain; thus, there may be some flexibility in how the
catalytic domain is positioned relative to the outer mem-
brane. Similarly, there are 30 residues between the lipidated
cysteine and the start of CBM98 in BoGH13Ag, .

The most significant structural difference between the
catalytic domains of BoOGH13Ag,; and SusG lies within the
B domain. The B domain in BoGH13Ag, is much smaller,
made up of ~47 amino acids compared to ~ 89 in SusG. The
bulkiest part of the SusG B domain deviates from the active
site toward the CBM58 (Supplementary Fig. 5). While
the B domains shape the active sites in both proteins, in
BoGHI13Ag,, it also contacts the CBMs. Overall, it appears
that the bulkier secondary structures missing from the
BoGH13Ag,, B domain are made up for by the presence of
CBM98 and CBM48. Both B domains donate an aspartate
and asparagine to coordinate an ion next to the active site.

BoGH13A,,, coordinates Mn** and Ca**

Amylases typically coordinate at least one Ca>* ion to
maintain structural integrity of the protein [49]. Both
BoGHI13Ag,, and SusG bind one Ca®* ion on the surface of
the A domain, in different positions, and for BOGH13Ag,,,
this Ca" is coordinated by E274 of CBM48. Many amylases
also coordinate a metal ion between the A and B domains
near the active site. SusG binds Ca* at this site via side-
chain carboxylates and backbone carbonyl oxygens, while
the BOGH13Ag, utilizes the His437 imidazole N as part of
the coordination sphere, precluding Ca*" as the likely metal.
(Supplementary Fig. 6A) [50]. The metal is octahedrally
coordinated, and although Mg?*—His interactions are rare,
they are not unprecedented [51]. Attempts to remove this
metal using EDTA or 1,10-phenanthroline did not influence
activity. Therefore, we added Mg>*, Mn?*, Co?*, Cu®*, Ni",
or Zn** to untreated BOGH13A,, to assess their effects on
starch hydrolysis. Mg?" and Mn?* were the only metals that
did not impair activity at the highest concentrations tested
(Supplementary Fig. 6B).

To identify the bound ion, we employed native mass
spectrometry (MS) and inductively coupled plasma MS
(ICP-MS), and both strongly suggest that the metal near the
BoGHI13Ag, active site is Mn** (Fig. 3E and Supplemen-
tary Fig. 6C,D). The leftover native mass once the bound
waters and Ca>* were subtracted suggested that a single
Mn?* ion or Ca®* and water were present (Supplementary
Fig. 6E). However, ICP-MS confirmed the presence of both
Mn?* and Ca®* bound to BOGH13A,, (Fig. 3E). Therefore,
based on these data and the known average coordination
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geometry for various protein-bound metals [52], we pro-
pose that BOGH13 A, utilizes a Mn" at this conserved ion-
binding site. Mg>* consistently refined with residual F~F,
density, whereas Mn>* did not (Supplementary Fig. 6F, G).
Both the Mn** and the Ca* afforded metal-ligand distances
in line with structures in the Cambridge Structural Data-
base according to the CheckMyMetal server [53] (Supple-
mentary Fig. 6H, I). To our knowledge, the use of Mn?* is
unprecedented for an a-amylase as others are known to use
no metal, Ca>*, a dual Ca>*, Na?*, a Ca®*/Na?*/Ca®* triad
or a dual Ca®*/Zn*" strategy in the case of those from hyper-
thermophilic organisms [54-58].

BoGH13A¢,, E523Q maltoheptaose-bound structure
reveals two additional binding sites

To evaluate maltooligosaccharide binding to BOGH13A,,
we created site-directed mutant E523Q, the putative cata-
Iytic proton donor, which rendered the enzyme inactive for
hydrolysis on a blocked pNP-G7 substrate (data not shown).
Blocked pNP-G7 harbors an ethylidene moiety at the non-
reducing end, making it an unsuitable a-glucosidase sub-
strate. Once acted on by BoGH13Ag ., however, the new
non-reducing end becomes an a-glucosidase substrate, lead-
ing to the liberation of pNP. The structure of BOGHI13Ag
E523Q with maltoheptaose (G7; 2.1 A resolution,
Ryord Riree = 17.7%/22.3%, Table 1) and the native enzyme
structure overlay with an rmsd of 0.3 A, suggesting limited
flexibility in the enzyme. In addition to the active site, elec-
tron density for maltooligosaccharide was observed at both
CBMO98 and a surface binding site (surf site) (Fig. 4A).
CBMO8 (residues 44-163) adopts a classic f-sandwich
fold with the same pattern of connectivity (B1, 2, f4, p5
on one face and B3, f6, 7 on the opposite face) as starch-
binding CBM48 and CBM21 despite having different bind-
ing sites (Fig. 4B). There was sufficient electron density to
model in five glucose residues at the CBM98 binding site
(Fig. 4C). The CBM98 binding platform is formed by two
aromatic residues, W92 and W98, along with several polar
residues and carbonyl backbones that primarily hydrogen
bond with O2 and O3 of the glucopyranose rings. K275
from the neighboring CBM48 hydrogen bonds with the O6
and O1 atoms at the non-reducing end glucose (Fig. 4D).
The 2F —F_ density for K275 in all four monomers in the
asymmetric unit is unambiguous perhaps because it is
directly adjacent to E274 which coordinates the Ca’" ion.
It is possible that this Ca®* provides structural integrity for
the recognition of longer maltooligosaccharides. Overall,
while CBM98 displays some features common to all CBMs
including starch-binding CBMs, it has been classified as a
new family based on lack of sequence similarity and cor-
respondingly low structural similarity. Unlike CBM98, we
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did not observe bound maltooligosaccharide to the CBM48
in our structures.

The BoGH13A,, E523Q structure with G7 enabled iden-
tification of a surface binding site on the catalytic domain
positioned between a6 and 7 (W555) and a short helix
between 7 and a7 (Y592) (Fig. 4E, F and Supplementary
Fig. 7A). Surface starch binding sites are found within a
number of GH13s and like CBMs are believed to enhance
enzyme efficiency by concentrating substrate near the active
site [61]. Sufficient electron density allowed for fitting five
glucopyranoses including one with partial density at the
reducing end (Fig. 4E). Three glucoses make direct hydro-
gen bonds to polar residues with indirect interactions medi-
ated by water molecules. SusG also has a surface starch-
binding site, but it is found on aba and 6b and is~12 A
from the BOGH13Ag, surf site (Supplementary Fig. 7B, C).
In both enzymes, the reducing end of the bound oligosaccha-
ride at the surface site is directed toward the reducing end of
oligosaccharide exiting the active site. For BoGH13Ag,, the
distance between the reducing ends of the modeled maltoo-
ligosaccharides at these two sites is 12.7 A while in SusG
the distance between the O1 reducing ends is 8.5 A (Sup-
plementary Fig. 7D).

The active site of BOGH13A,,,, accommodates a1,6
linkages

Within the active site of the E523Q mutant, we observed
a transglycosylation product in all four monomers result-
ing in an al,6 bond. Since these crystals grew at pH 8.5,
it is possible that water served as a proton donor in place
of Glu. Other possibilities include a low level of deami-
dation producing a small fraction of wild-type enzyme or
translational misincorporation (GAA—CAA), as has been
observed in other glycoside hydrolases [62]. However, the
E523Q mutant showed no activity on the blocked pNP-G7
substrate after 20 min (data not shown). To further probe
this, reactions mimicking crystallization conditions were
set up wherein 10 mg/ml (120 pM) of WT and E523Q
BoGH13Ag,, were incubated overnight at room tempera-
ture in crystallization buffer with 10 mM G7. Equivalent
reactions containing 1 pM of WT and E523Q BoGH13Ag,
were set up for comparison. 1 pM WT produced transgly-
cosylation products in the crystallization buffer but not at
pH 7 at 37 °C, and 120 uM E523Q showed a small amount
of activity (Supplementary Fig. 8A). Notably, the blocked
pNP-G7 kinetics were performed with only 150 nM enzyme.
Maltogenic amylases are prone to transglycosylation, spe-
cifically al,6-transglycosylation because newly formed
al,4 bonds are readily hydrolyzed but a1,6 bonds are not
[63, 64]. Taken together, these data suggest that either a
small amount of WT enzyme in the 120 uM batch of E523Q
or low-level activity of the mutant enzyme during the two
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B1, B2, p4, p5 face

Fig.4 Maltoheptaose bound to BoGH13Ag, E523Q. A Model of
full-length BoGH13Ag,, bound to maltoheptaose (G7). Domains are
colored as in 3A with glucoses shown as orange sticks. Monomer A
is displayed. B An alignment of BoGH13Ag,; CBM98 from mono-
mer D (slate), CBM48 from Cyanothece sp. ATCC 51142 branching
enzyme (PDB ID: 5GQYV, pink [59]) and CBM21 from Rhizopus ory-
zae glucoamylase (PDB ID: 2V8M, gray, [60]. Bound oligosaccha-
rides are shown in the same color, as sticks, as the respective protein.
C F-F_ density for oligosaccharide bound to CBM98 in monomer
D. The density is contoured at 3c. D The aromatic-binding platform
in CBM98, comprised of W92 and W98, along with polar residues
involved in hydrogen bonding (within 3.2 A) and the hydrogen bonds

weeks when crystals grew may have resulted in transglyco-
sylation. For example, the small oligosaccharides produced
overnight by 120 pM E523Q may have eventually served as

W555

themselves are shown. E F —F density for oligosaccharide bound to
the surface binding site (surf site) of monomer A. The density is con-
toured at 36. F The aromatic-binding platform at the surf site, polar
residues involved in hydrogen bonding (within 3.2 A) and the hydro-
gen bonds are shown. G F—F, density for oligosaccharide bound in
the active site of monomer A. Subsites from the reducing (+ 3) to
the non-reducing end (— 3) are labeled. The — 2 branch point Glc is
— 2'. H Hydrogen-bonding (within 3.2 A) network in the active site.
Amino acids labeled in bold constitute the catalytic triad. I Aromatic
residues contributing to the active site architecture are displayed.
Those colored in purple are from the A domain and those in bur-
gundy are from the B domain

transglycosylation substrates (Supplementary Fig. 8A). It is
worth noting that an active site mutant of SusG crystallized
with glucosyl-al,6-maltotriosyl-al,6-maltotriose yielded
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«Fig.5 Acarbose bound to BoGH13Ag,,. A F-F_ density for acar-
bose bound to CBM98 in monomer C. The density is contoured at
36. B The aromatic-binding platform in CBM98, comprised of W92
and W98, along with polar residues involved in hydrogen bonding
(within 3.2 A) and the hydrogen bonds are shown. C F —F, density
(contoured at 3c) for acarbose bound to the surface binding site (surf
site) of monomer A. D The aromatic binding platform at the surf
site, along with polar residues involved in hydrogen bonding (within
3.2 A), and the hydrogen bonds are shown. E F—F_ density for the
acarbose-derived hexasaccharide bound in the active site of monomer
A. Subsites are labeled according to Fig. 4G. F Hydrogen bonding
(within 3.2 A) network in the active site. Amino acids labeled in bold
constitute the catalytic triad. G Overlay of G7-bound and acarbose-
bound BoGH13Ag, structures. The acarbose derived hexasaccharide
is shown as white sticks and G7 derived oligosaccharide shown in
slate. Residues from the acarbose bound structure are colored in pur-
ple, whereas those from the G7 bound structure are colored in teal

electron density for a transglycosylated product due to trace
amounts of WT enzyme [35].

F—F electron density was sufficient to model a partial
molecule of G7 from subsites+ 3 to — 3 plus one glucose
residue appended to the — 2 subsite glucose via an a1,6 bond
in the active site of chain A (Fig. 4G). In chain B, there was
sufficient density at the branch point to model 2 Glcs (Sup-
plementary Fig. 8B). In chain B, the non-reducing end at the
— 2" position is just 14.0 A from the O1 reducing end of the
oligosaccharide bound to CBM98, while the O4 of Glc at
the — 3 subsite is 15 A from the O1 reducing end (Supple-
mentary Fig. 8C). This raises the intriguing possibility that
a longer polysaccharide could potentially bind and span the
two sites. The catalytic triad was readily identified as D477,
Q(E)523 and D581 along with additional conserved residues
in GH13s including R475 and H580 [65] (Fig. 4H).

While there are no hydrogen bonds to the — 3 glucose
since it extends into solvent, the — 2 and — 2’ Glcs are held
in place by hydrogen bonding to R641 as well as the amide
backbone of W363 and side chain of N366, respectively
(Fig. 4H, Supplementary Fig. 8D). In chain B, the backbone
carbonyl and side chain of T642 also hydrogen bond with
the — 2" glucose at position O2. (Supplementary Fig. 8D).
Although W363 does not pi stack with the — 2' glucose,
it does constrict its positioning (Fig. 41 and Supplemen-
tary Fig. 8D.) Overall, the — 2’ Glc resulting from the «1,6
linkage is recognized by BOGH13Ag  more than the — 3
Glc, the latter of which makes no hydrogen-bonding or pi
stacking interactions with the enzyme. This is somewhat
analogous to what is observed in the SusG structure with
GMM as an al,6 bond is found in the same position as in
BoGHI13Ag,, at the — 2 subsite. In SusG, there is a dedi-
cated tryptophan, W349, whose side chain accommodates
the — 2’ glucose [35].

Several aromatic residues (Y365, F478, Y440, F442 and
F525) facilitate active site positioning of substrate at the
— 1,41 and + 2 subsites (Fig. 4I). The BoOGH13Ag+1
and + 2 binding determinants Y440 and F525 are akin to

those described for maltogenic amylases of the subfamily
GH13_36 [40] (Supplementary Fig. 8E). This supports the
TLC activity data in that maltose is the smallest maltooli-
gosaccharide released. While SusG is part of this subfamily,
it is an outlier in that its+ 1 and +2 binding determinants
are much smaller, a histidine and leucine, explaining why
only the + 1 subsite has to be occupied for catalysis to occur
(Supplementary Fig. 8E) [23, 40]. The +2 and + 3 glucoses
in BOGH13Ag,, are anchored by K480 and N543, respec-
tively (Fig. 4H). Additionally, the BOGH13Ag ; B domain
interacts much more with the substrate reducing end than
the non-reducing end, while the opposite is true of the SusG
domain (Supplementary Fig. 8F). Overall, the wide active
site of BOGH13A, can accommodate long a-glucan chains,
as seen in activity assays, though it seems that the reducing
end (positive subsites) contributes more toward anchoring
the substrate in the hydrolytic or transglycosylation reaction.

Structure of acarbose-bound BoGH13A¢,,

Acarbose is an FDA-approved medication used to treat type
2 diabetes. Its primary function is to inhibit extracellular
glucosidases and amylases in the upper digestive tract by
functioning as a transition state mimic of al,4-glycosidic
bond hydrolysis [66—68]. Acarbose is used frequently in
structural studies of eukaryotic and bacterial a-amylases
alike [23, 69-72]. An acarbose-bound structure of wild-
type BoGH13Ag, was solved to a resolution of 1.99 A
(Ryor/Riree 0f 17.5%/21.9%, Table 1). There were no large
structural shifts upon binding, as each of the four monomers
overlays with the G7-bound structure (rmsd of ~0.3 A).

Acarbose was modeled at CBM98 and some of the sur-
face binding sites within the four chains in the asymmetric
unit (Fig. SA-D). The binding determinants in both sites
were identical as in the G7-bound structure, except that the
ligand was shortened at the non-reducing end since acarbose
is a pseudotetrasaccharide and thus a smaller molecule. In
some subunits, there was not sufficient density to model a
full acarbose at the surface site but there was partial density
in chain A (Fig. 5C). This may be due to hydrolysis during
crystallization, as evidenced by the presence of a trisaccha-
ride upon resolution of crystallization drops via thin layer
chromatography (TLC) (Supplementary Fig. 9).

Acarbose underwent transglycosylation during crystalliza-
tion, and this product was only observed in the active site.
Unlike during G7 crystallization, an o1,4 bond was introduced.
Identifying transglycosylation products was complicated by
the fact that these crystals grew out of a well solution with a
mix of monosaccharides including glucose. TLC of drops con-
taining crystals revealed oligosaccharides larger than acarbose
(Supplementary Fig. 9A). In chain B, the density for addi-
tional pyranoses corresponded best with two Glcs added at the
acarviosine reducing end. Thus, one ligand spanning subsites
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—3 to+ 3, with the non-hydrolyzable amino-bridge from
acarviosine spanning the+ 1/— 1 site was modeled (Fig. SE,
F). We cannot be certain if glucose from the crystallization
solution or maltose from acarbose breakdown, performed by
some maltogenic amylases, was utilized in the transglycosyla-
tion reaction. Regardless, the product is positioned similarly
in the active site as G7 from subsites — 2 to+ 3, but the ori-
entation of the -3 glucose is different, likely since this residue
extends into the solvent (Fig. 5G). Small changes in the hydro-
gen bonding network between these ligands occur due to the
amino-bridge and loss of O5 at the acarbose non-reducing end,
though this product fits well within the active site (Fig. SF).

CBM98 and the surface binding site differentially
influence enzymatic activity

To determine how the CBM98 and CBM48 contribute to
activity, we first measured substrate binding to CBM98
via isothermal titration calorimetry (ITC) with soluble
substrates. A summary of tested constructs is provided in
Fig. 1D. As predicted from our crystal structure, CBM98
harbors one binding site that accepts G7, «CD and BCD
equally well with K;s of ~25-40 pM (Table 2, Supplemen-
tary Fig. 10). CBM98 does not bind as well to G3, which is

Table2 BoGHI13Ag,, CBM98 and CBM98-CBM438 ITC data

Construct Ligand K;(uM)+SD N=+SD
CBM98 maltoheptaose 32+ 9.8 0.8 +0.16
a-cyclodextrin = 42+ 13 0.75+0.2
B-cyclodextrin 26 + 3.8 0.81+0.03
maltotriose 346 + 46 1*
AP potato 71+3 1.01 +0.01%
CBM98 maltoheptaose ~ NB NB
W92,98A a-cyclodextrin ~ NB NB
B-cyclodextrin  NB NB
maltotriose NB NB
AP potato NB NB
CBM98-CBM48  maltoheptaose 33 +£9.9 0.74 +0.26
a-cyclodextrin =~ 43 + 18 0.58 +0.3
B-cyclodextrin 21 + 1.4 0.77 +0.09
maltotriose 360 + 102 1*
AP potato 976 + 23 0.99 + 0.03*
CBM98-CBM48  maltoheptaose  NB NB
W92,98A a-cyclodextrin ~ NB NB
B-cyclodextrin  NB NB
maltotriose NB NB
AP potato NB NB

NB stands for no binding
*Indicates that N was set to 1 because of low-affinity binding

#Indicates that substrate concentration was adjusted to achieve an N
of 1 according to [73]
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often the minimum length for many starch targeting CBMs,
and binds potato AP with similar affinity to G7. To eventu-
ally test the role of CBM98 in hydrolysis, we mutated W92
and W98 to Ala and this eliminated binding to any oligosac-
charide or polysaccharide (Table 2, Supplementary Fig. 11).
The presence of CBM48 does not affect binding affinity to
or the number of binding sites for maltooligosaccharides as
a CBM98-CBM48 construct bound similarly to a CBM98
construct alone. Conversely, CBM98—-CBM48 demonstrates
a tenfold decrease in binding affinity to amylopectin com-
pared to CBMO8 alone (Table 2, Supplementary Fig. 12).

We were unable to isolate CBM48 on its own, so a
CBM98-CBM48 construct with the W92/98 A mutations
was tested and lacked binding to maltooligosaccharides
(Table 2). We note that very modest isotherms were present
in «CD and BCD titrations, but these could not be modeled
(Supplementary Fig. 13). This validated our previous struc-
tural observations that CBM48 is a non-binding CBM. That
CBM98-CBM48 bound poorly to amylopectin suggests that
the CBM48 may somehow restrict the CBM98 binding site
or impose steric restraints on CBM98 itself.

To ascertain the roles of CBM98 and the surface binding
site in polysaccharide binding and catalysis, native PAGE
and end point kinetics using wild-type and variant enzymes
were performed. Three variant BoGH13A proteins were
constructed: CBM* (W92, 98A), surf* (W555, Y592A)
and CBM*surf* (W92/98/555A and Y592A) (Fig. 1D).
While we could not confirm the role of the surface binding
site amino acids via ITC due to binding at CBM98 and the
active site, similar mutagenesis of aromatics in SusG led to
substantially different enzyme turnover [23]. To determine
overall starch binding by the BOGH13Ag,, mutants, we per-
formed affinity PAGE with 1 mg/ml (0.1%) potato AP, gly-
cogen, pullulan or autoclaved potato starch (PS) (Fig. 6A).
The smiling observed in the wild-type band on all four poly-
saccharides is due to enzymatic breakdown of carbohydrate
while running the gel [61, 74]. Overall, the migration pattern
of each enzyme variant was different, supporting that both
the CBM98 and surface site contribute to substrate recogni-
tion. WT BoGH13A, displays the lowest affinity for gly-
cogen and similar affinity for AP, pullulan and PS (Fig. 6A).
Interestingly, the CBM*surf* mutant displays loss of bind-
ing on all substrates tested with the individual mutants
showing intermediate binding based upon the type of starch.
During PS, AP and pullulan binding, the CBM* mutation
appears to drive the loss of binding in the CBM*surf* dou-
ble mutant. Glycogen binding is affected most by the surf*
mutation but is partially restored by the introduction of the
CBM* variation (Fig. 6A). The presence of multiple bands
in some of the carbohydrate containing gels suggests that
BoGH13Ag,, may have slightly different affinities for dif-
ferent polysaccharide features (i.e., branch points, reducing
ends, non-reducing ends, amylopectin double helices). The
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Fig.6 BoGHI13Ag, activity on polysaccharides. A WT and vari-
ant BOGH13Ag,, were subjected to native gel electrophoresis in the
absence (control gel) or presence of 0.1% of the indicated polysac-
charides in a 6% gel. Bovine serum albumin (BSA) was loaded as
a negative control. Gels were visualized with Coomassie. B WT
BoGHI13Ag, relative activity on polysaccharides was assessed using
the DNSA method. PS =autoclaved potato starch; AP =potato amylo-
pectin, GLY = glycogen, PUL = pullulan. 2.5 mg/ml carbohydrate and
100 nM BoGHI13Ag,, were used at room temperature for a 10 min
reaction. BOGH13Ag, was most active on PS and set at 100% to
compare other polysaccharides. Statistical analysis was performed
using an ordinary one-way ANOVA comparison. All comparisons
were statistically significant with an adjusted p <0.0001 (****). C

multi-band patterning with the variants could be due to an
overall lower affinity for polysaccharide that leads to a bound
and unbound fraction. All four enzymes tested run similarly
on the control gel, suggesting the multiple bands are most
likely not due to misfolded protein.

WT BoGH13Ag, activity on 2.5 mg/ml (0.25%) of the
same carbohydrates tested above nearly follows the binding
preferences wherein the enzyme is most active on autoclaved
PS, followed by AP, pullulan, and is least active on glyco-
gen (Fig. 6B). With an oligosaccharide substrate, blocked

WT and variant BOGH13Ag relative activity on an oligosaccharide
was assessed at room temperature using an amylase kit from LSBio.
150 nM enzyme was used. WT was most active and set at 100%
for comparison to other variants. Comparisons for which statistics
are not shown were significant with an adjusted p<0.0005 (**%*).
*#p <0.005. *p=0.019. D-G The DNSA method was used to charac-
terize relative activity of variant BOGH13Ag, s to WT BoGH13Ag,
(set to 100% activity on each of the indicated polysaccharides).
100 nM enzyme at room temperature was used for all reactions. All
comparisons were statistically significant with an adjusted p <0.0001
(*¥*%%) except for the CBM*/surf* comparison on PS which had an
adjusted p=0.0001 (***)

pNP-G7, the CBM* mutant is 75% as active as the WT
enzyme. This suggests that CBM98 may assist in loading
and/or positioning of substrate in the active site. The surf*
variant is nearly as active as WT on blocked pNP-G7, while
the CBM*surf* protein displays intermediate activity com-
pared to the single mutations (Fig. 6C).

On all four polysaccharides, the CBM*surf* double
mutant is nearly inactive, while the single mutants retain
some activity depending on the substrate. Despite the
CBMO98 contributing most to binding PS and AP, the CBM*
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mutant retains more activity on these substrates than the
surf* mutant (Fig. 6D, E). The surf* variant is less active
on glycogen than the CBM* variant, which correlates with
its binding activity (Fig. 6F). Finally, the surf* enzyme
is 1.5 x as active on pullulan as the WT enzyme, but this
is completely offset in the CBM*surf* double mutant
(Fig. 6G). Since the BoGH13Ag, surface binding site
accommodates ligand such that the reducing end of bound
substrate would clash with the reducing end of active site
bound substrate, it may be beneficial during pullulan hydrol-
ysis to eliminate non-productive binding at the surface bind-
ing site. It is unclear why the same effect is not observed
with other polysaccharides except that pullulan is linear, so
the surface binding site could be less dispensable for more
complex, branched polysaccharide recognition.

A B. theta

Time (hours)

Complementation of a-amylases between species
is manganese dependent

To understand whether the activities of extracellu-
lar a-amylase enzymes from Bt and Bo can compen-
sate for one other in the context of otherwise very
similar PUL, BtAsusG and BoAbovatus_03803 were
complemented with a-amylase from the opposite spe-
cies. bovatus_03803 encodes BOGHI13Ag. BtAsusG and
BoAbovatus_03803 grow on glucose, maltose and G7,
but not on polysaccharides ([21, 22, 24], Supplementary
Fig. 14A.) BoAbovatus_03803 expressing susG within
BoSus grows similarly to WT Bo on potato starch, gly-
cogen and pullulan and better than WT on amylopectin
(Fig. 7A, Supplementary Fig. 14B). The same is not true
when BtAsusG expresses bovatus_03803 from within
BtSus. BtAsusG + bovatus_03803 exhibits a significant
growth defect on pullulan and potato starch and cannot
grow on glycogen or amylopectin (Fig. 7A, Supplemen-
tary Fig. 14B). However, the “swapped” mutants display
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Fig.7 BoAbovatus_03803 +susG ~ grows on  starch, while
BtAsusG + bovatus_03803 growth on starch is enhanced by MnCl,.
For all growths, bacterial strains were pre-grown on minimal media
(MM)+5 mg/ml glucose. The following day, they were washed in
2xMM and back diluted 1:100 into MM + 2.5 mg/ml of the indicated
carbohydrates and grown in triplicate. BtAsusG+ bovatus_03803
harbors the bovatus_03803 gene in place of the susG gene. The
AsusG::bovatus_03803-1 and -2 strains express the bovatus_03803
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gene from one of two sites under the control of a constitutive pro-
moter [75]. A WT Bt and Bo and a-amylase swap strains grown on
maltoheptaose, potato amylopectin and potato starch. B The same
strains were grown in potato starch with or without 100 pM of sup-
plemented metal. C WT Bo was grown on the indicated polysaccha-
rides. D WT and variant Bo strains were grown on the indicated poly-
saccharides
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WT growth on glucose, maltose and G7 (Fig. 7A, Supple-
mentary Fig. 14C), indicating that other Sus proteins were
not affected by this genetic manipulation. In these experi-
ments, the a-amylase encoding gene was inserted into the
chromosome at its native location in either species. We
also tested complementation by constitutive expression of
bovatus_03803 from two regions of the Bt chromosome,
and this does not rescue the BtAsusG + bovatus_03803
growth lag (Fig. 7A, Supplementary Fig. 14B).

Furthermore, BoGH13Ag, is expressed by Bt as dem-
onstrated by Western blot analysis of whole cells grown on
maltose (Supplementary Fig. 15). Unfortunately, numerous
attempts to visualize BOGH13Ag, on the outside of Bt (or
in its native context on the outside of Bo) via immunostain-
ing with the aBoGHI13Ag,, antibody were unsuccessful.
Nonetheless, SusG is also expressed by Bo when grown on
maltose (Supplementary Fig. 15). These data collectively
suggest that the growth lag in BtAsusG + bovatus_03803
may be due to suboptimal BoOGH13A,, presentation at the
cell surface, suboptimal association with BtSus proteins or
that BOGH13Ag starch processing is suboptimal for import
via the BtSus machinery.

The Western blot analysis of whole cells suggests that
Bt can produce BoGH13Ag, but does not indicate whether
the protein is folded properly. Furthermore, Bt does not
normally make a Mn?*-dependent a-amylase, so we won-
dered whether MnCl, supplementation in the growth media
could rescue the growth lag in BtAsusG strains comple-
mented with BOGH13Ag,. To our surprise, MnCl, and
to a much lesser extent CaCl, supplementation rescued
BtAsusG + bovatus_03803 growth on potato starch and
pullulan but MgCl, or ZnCl, did not (Fig. 7B, Supplemen-
tary Fig. 16A). WT Bt growth was not affected by supple-
mented cations, and importantly, growth on glucose and
pectic galactan or rhamnogalacturonan I, which does not
require SusG or an extracellular Mn>*-dependent enzyme,
was not enhanced (Supplementary Fig. 16B-D) [76, 77].
WT Bo growth in potato starch and pullulan was slightly
enhanced with supplemented MnCl, but not by other cati-
ons, but the BoAbovatus_03803 + susG strain did not ben-
efit from MnCl, supplementation (Fig. 7B, Supplementary
Fig. 16A). Although we do not know the metal dependence
of the extracellular Bo enzymes required for growth on these
substrates, growth of either Bo strain on pectic galactan and
rhamnogalacturonan I was not enhanced by any cations
(Supplementary Fig. 16B, C). Remarkably, both Bo strains
exhibited a marked growth defect in glucose in the presence
of MnCl,, but not in the presence of other cations (Supple-
mentary Fig. 16D). It is possible that Bo has a more robust
Mn?* import system than Bt that leads to these deleterious
effects. Given that glycolytic enzymes can exhibit differ-
ent metal requirements, it is possible that Bt uses primarily
Mg** ones and Bo uses Mn>* containing ones [78].

CBM98 binding is required for growth
on polysaccharides

While BoGH13Ag is least active on glycogen (Fig. 6B),
Bo has the shortest apparent lag on this substrate (Fig. 7C).
BoGH13Ag, may cleave glycogen in fewer places compared
to other polysaccharides, thereby liberating longer oligosac-
charides, fewer reducing ends and leading to lower apparent
relative activity (Figs. 2, 6B). These longer oligosaccharides
are apparently taken up readily by Bo and lead to a shorter
overall lag time compared to other substrates (Fig. 7C).

The contributions of CBM98 and the surface bind-
ing site to growth were evaluated by complementing
BoAbovatus_03803 with BoGH13Ag, variants at the native
location in the sus locus. CBM*, surf* and CBM*surf* pro-
teins are all made by Bo although CBM* and CBM*surf*
variants are not made at comparable levels to WT or surf*
SusG (Supplementary Fig. 15). This may be due to stability
issues as CBM* and CBM*surf* enzymes also exhibit a
slight defect using blocked pNP-G7 as a substrate (Fig. 6C).
Nonetheless, binding at CBM98 is absolutely required
for growth on all polysaccharides tested as CBM* and
CBM*surf* variants do not grow (Fig. 7D). All variants
grow on glucose, maltose and G7 normally (Supplementary
Fig. 17). The surf* strain exhibits a small growth lag on
potato amylopectin and glycogen but grows like WT Bo on
pullulan and potato starch. CBM*surf* is almost completely
inactive on polysaccharides in vitro in the conditions tested
(Fig. 6D-G), and this correlates with its inability to sup-
port growth in vivo. The CBM* variant lost 20-50% activ-
ity in vitro compared to WT BoGH13Ag, and yet did not
restore growth.

Evolutionary diversity of CBM98 and GH13_47

We analyzed the distribution of the newly defined CBM98
and GH13_47 modules based on their annotation in Bac-
teroidetes species in PULDB [79] and beyond in CAZy
genomes [29]. These modules are exclusively restricted to
the Bacteroidetes phylum. But, they are found in all its main
taxonomic classes (Bacteroidia, Flavobacteria, Cytophagia,
Sphingobacteria and Chitinophaga), thus covering a wide
diversity of environments besides the human gut including
soil and aquatic habitats.

The closest homologs of GH13_47 form several groups
of GH13 enzymes which have not been classified in any
GH13 subfamily, nor been characterized to date (desig-
nated as related groups GH13_group_rel-re3 hereafter).
The closest characterized relative to GH13_47 is the
GH13_10 subfamily (malto-oligosyltrehalose trehalo-
hydrolases) [80]. On the other hand, SusG belongs to
GH13_36, which is related to subfamilies 23 and 31. A
phylogenetic tree was constructed based only on the GH13
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Fig.8 Distinct evolutionary features of GH13_47, GH13_36 and
CBMO98. A A phylogenetic tree was generated from an alignment
with a subset of GHI3 sequences from subfamilies 23, 31, 36, 10,
and group rel-3 rooted on the node separating the 10/47 and 23/31/36
branches (see Supplementary Table 3 for sequences). Branch IDs
include the subfamily and organism name. B Instances of all genomes
encoding GH13_47 and/or GH13_36 in the CAZy database. C

modules using four representatives of each group/subfam-
ily to clarify their distinct evolutionary routes (Fig. 8A).
Many similarities between GH13_47, GH13_10 and
related groups can be visualized at the amino acid level by
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Instances of subfamily GH13_47 and GH13_36 in PUL from all
Bacteroidetes. D Histogram of the length of subfamily GH13_47 and
GH13_36 proteins from all PUL. E, F An alignment of 288 CBM98
modules was submitted to the Consurf server [81-83] and mapped
onto the BOGH13Ag,-G7 structure. Residues are colored from green
to purple for least to most conserved. The CBM438 is colored in teal

and B domain colored in red

focusing on the seven conserved regions of GH13 enzymes

(Supplementary Fig. 18A, Supplementary Table 3) [65].
We next estimated the prevalence of GH13_36 and

GH13_47 proteins in genomes and PUL. It appears that
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GH13_47 is slightly less prevalent than GH13_36 when con-
sidering all organisms, while it far outnumbers GH13_36 in
Bacteroidetes genomes (Fig. 8B, Supplementary Fig. 18B).
Indeed, GH13_36 is notably present in Firmicutes and sev-
eral Proteobacteria phyla, raising the question as to its puta-
tive acquisition/transmission from or to other clades, in other
words, its ancestral origin.

On the other hand, the GH13_47 dominance in Bacte-
roidetes raises the question of its prevalence in PUL and its
synergy with other enzymes in these PUL. In most cases,
GH13_36 and GH13_47 are predicted to belong to PUL
or CAZyme clusters (59% and 75%, respectively; com-
pare Fig. 8C with Supplementary Fig. 18B). We observed
similar numbers of GH13_47 and GH13_36 in “canonical
Sus” that harbor both SusA and SusB homologs (Supple-
mentary Fig. 18C). Of note, distinct Phocaeicola vulgatus
strains encode either GH13_47 or GH13_36 in an other-
wise canonical Sus [79]. However, GH13_47 can be found
in a large diversity of PUL (Supplementary Fig. 18D). We
notably observe many GH13_47-containing putative starch
PUL encoding a GH65 enzyme (related to maltose phos-
phorylases) sometimes with an additional SusA homolog.
More frequent are PUL with GH13_47 as the sole CAZyme.
Such PUL could still cooperate with another PUL to confer
growth on starch, as many Flavobacterium species display
an adjacent CAZyme cluster including both GH65 and SusA
homologs. Finally, several PUL include both a GH13_47
and a GH13_36 devoid of a CBMS58, as discussed hereafter
(Supplementary Fig. 18D) [79].

GH13_47 proteins tend to be quite a bit longer than
GH13_36 proteins in all organisms, as well as at the PUL
level (Fig. 8D, Supplementary Fig. 18E). Some GH13_47
proteins, like that from Bacteroides fragilis (GenBank:
CAHO08838.1), are nearly 1000 amino acids long and con-
tain two Bacteroides-associated carbohydrate-binding often
N-terminal (BACON) domains at the N terminus that pre-
cede the CBM98-CBM48 [84, 85]. Also contributing to
their increased length, other GH13_47 proteins harbor a type
9 secretion signal (T9SS) C-terminal domain, a system only
found in the Bacteroidetes phylum [86]. The T9SS is rarely
fused to a GH13_36 so may be linked to ecological niche
since these signals are typically used for gliding motility
or pathogenicity [86]. Several GH13_36 do not possess a
CBMS58, explaining the bimodal distribution of GH13_36
protein lengths (Fig. 8D).

Due to their increased length, we analyzed the domain
composition of GH13_47-encoding proteins in more detail.
GH13_47 modules are always found appended directly after
a CBM48 (except in rare N-terminally truncated gene mod-
els). In 90% of cases, they are also preceded by a CBM98.
CBMO9S is almost always restricted to CBM48-GH13_47
proteins except in rare cases where it precedes a unique
GH31, as exemplified by GenBank: ALO16387.1 from

Salinivirga cyanobacteriivorans. Notably, only ~21% of
CBMO98-containing proteins mimic BoOGHI13Ag, s “simple”
domain composition, while most harbor additional domains.
For example, as previously mentioned, two N-terminal
BACON domains were identified in GH13_47 proteins
from B. fragilis strains, while those from P. vulgatus and
Bacteroides uniformis have a single BACON domain. More
importantly, ~62% of GH13_47 proteins have an additional
conserved domain in-between the CBM98 and CBM48, as
demonstrated in GenBank: AXG74135.1 [29]. This high-
lights an important diversity of CBM98—-CBM48-GH13_47-
containing proteins to be functionally and structurally
explored in the future.

To gain insight into conserved features of CBM9S,
all CBM98 sequences were aligned and those exhibiting
over 90% redundancy were removed and used in the Con-
Surf server to map conserved residues onto BOGH13Ag,
[81-83]. The most conserved residues are found in the core
CBMO98 B-sandwich (Fig. 8E, F). The CBM98 dual trypto-
phan-binding site is highly conserved, with the W92 equiva-
lent sometimes replaced with a phenylalanine. BOCBM48 is
nonetheless a bit distinct from other CBM48s that immedi-
ately follow a CBM98 for two reasons: (1) The loop between
p8 and B9 in BoCBM48 (detailed more in the Discussion)
that covers a predicted CBM48-binding site is ~ten amino
acids shorter than in most other proteins and (2) E274 that
coordinates a Ca** ion is more often an aspartate than a
glutamate in other CBM48s that immediately follow a
CBMO8. Furthermore, the neighboring residue in BoOCBM48
(K275) hydrogen bonds with CBM98 ligand but in similar
CBM48s, this residue is a proline (Supplementary Fig. 18F).
Thus, while BOGH13Ag, is the founding member of both
the GH13_47 subfamily and CBM98 family, the interplay
between its CBM98 and CBM48 may differ from other simi-
lar enzymes.

Discussion

Multiple studies have examined the structure and function
of various PUL from gut Bacteroides for the recognition and
degradation of carbohydrates. Fewer have compared func-
tional differences between mostly syntenic PUL [76, 87, 88].
Still fewer have compared the structural differences among
functionally similar enzymes or lipoproteins between species
[89]. Given the importance of characterizing the mechanistic
underpinnings of functional diversity in the gut microbiome,
we examined the structural differences between two surface
a-amylases in Bacteroides thetaiotaomicron (Bt) and Bac-
teroides ovatus (Bo) that otherwise act as part of syntenic
PUL required for starch degradation. Indeed, despite having
very similar starch PUL (Fig. 1B), Bo outcompetes Bt in an
in vitro co-culture grown on amylopectin [90].
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A key structural difference between BoGHI13Ag  and
SusG is the position and type of CBMs found therein. More
interestingly, the importance of these CBMs to overall catal-
ysis and growth on starch is distinct. Our previous work with
SusG demonstrated that the CBM58 is not necessary for
activity or growth [23, 24]. This contrasts with BOGH13Ag
in which competent binding at CBM98 is absolutely required
for growth on polysaccharides and enhances binding to and
catalytic activity on these substrates (Figs. 6, 7D). Moreover,
the inverted orientation of the enzymes with respect to the
membrane was surprising. That the CBM98 is proximal to
the membrane initially made us think that it was unlikely
to participate in direct starch capture. For example, some
CBMs mediate cell wall attachment in bacteria [91, 92].
However, the CBM* protein, which was mutated to abrogate
CBMO98 starch binding (Table 2, Supplementary Fig. 11),
has significantly decreased starch binding and activity
in vitro, suggesting a role in starch breakdown (Fig. 6).

CBMO8 is always N-terminal to a CBM48. This domain
architecture is akin to a-glucan debranching enzymes and
pullulanases that target al,6 bonds and feature a CBM48
N-terminal to a GH13 catalytic domain and in some
cases, additional CBMs and unclassified domains [93].
BoGHI13Ag,, does not hydrolyze al,6 bonds, however
(Fig. 2). Nonetheless, the most structurally related CBM48
with bound ligand to BoCBM48 according to the DALI
server is that from the Escherichia coli branching enzyme
(Z score: 12.8; PDB ID: 4L.Q1 [94]) at the N terminus of
the protein [43]. Another closely related CBM48 from the
branching enzyme in Cyanothece sp. ATCC 51142 (Z-score:
12.6; PDB ID: 5GQV [59]) was also included for compari-
son because its two binding sites are occupied. Indeed,
while many CBM48s do not bind oligosaccharides (dis-
cussed below), those in branching enzymes tend to do so
[93]. BoOCBM48 has two additional f strands, $8 and (39, that
are loops in other CBM48s (Supplementary Fig. 19A). A
large loop (K275-P288) between these two strands occludes
a potential binding site, centered at W219, that is conserved
in the CBM48 family (Supplementary Fig. 19A). Similarly,
an extended loop between P2 and B3 precludes binding at
another enigmatic CBM48 site that is poorly conserved
(Supplementary Fig. 19B).

Lack of CBM48 maltooligosaccharide binding is not
uncommon—those appended to isoamylases, glycogen
debranching enzymes and pullulanases lack conserved resi-
dues at canonical site 1 from CBM20s, which are evolution-
arily related to CBM48s, but have a conserved tryptophan
at site 2 [93, 95]. BoCBM48 also has this site 2 tryptophan
and a similar site 1 to CBM20 (Supplementary Fig. 19C). It
appears that BoOCBM48, despite the conservation of some
starch-binding residues, has diverged from the subset of
CBM48s that bind starch within larger enzymes primarily
due to extended loops that preclude binding. This is distinct
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from other CBM48s that lack a completely conserved canon-
ical site 1. As CBM98 always co-occurs with a CBM48, it is
possible that these modules co-evolved leading to the diver-
gence of this CBM48 from other ones. BOCBM48 may func-
tion as a sort of linker to help position substrate between the
CBM98-binding site and the active site for optimal catalysis.
It may also be necessary for stability and structural integ-
rity since attempts to express a CBM98-GH13 construct of
BoGHI13Ag, were unsuccessful.

Despite drastic differences in structure and function
between their a-amylase enzymes, Bt and Bo resume growth
on starch when complemented with the a-amylase from the
other species. It is notable that complementation of the Bt
enzyme in Bo was more efficient than the complementation
of BOGH13Ag into Bt (Fig. 7A). While we observed simi-
lar enzyme amounts produced in both cases (Supplementary
Fig. 15), it is possible that small changes in cell surface
enzyme concentration, differences in function or aspects of
the other bacterium’s outer membrane leaflet made function
less than optimal.

With respect to function, the SusG and BoGH13Ag,
active sites likely recognize different motifs in starch. Using
acarbose as a proxy for an exclusively al,4-linked maltoo-
ligosaccharide bound to the BOGHI3Ag,, active site, we
compared the disposition of acarbose in BOGH13Ag  to G7
bound to SusG. SusG enforces a much more curved con-
formation onto the oligosaccharide, whereas BOGH13Ag
does not interact to the same extent with the non-reducing or
reducing ends, leading to a more open chain structure (Sup-
plementary Fig. 19D-F). What this means in the context of
growth, however, is unclear until a more quantitative kinetic
analysis on each enzyme is performed.

In our previous work, we utilized single molecule imag-
ing to observe the movement of SusG on the cell surface
[26-28]. Measurement of the SusG diffusion coefficient in
various Sus protein deletion backgrounds has lead us to pro-
pose, for the BtSus, a model of dynamic assembly whereby
Sus proteins associate and dissociate during starch catabo-
lism [26, 27]. Thus far, an intact complex of all components
has not been observed although this has been seen in levan-
and dextran-targeting PUL in Bt [96]. Nonetheless, the
dynamics of BOGH13Ag, association with BtSus proteins
in the presence of starch may not be optimal for growth, but
SusG association with BoSus is. BoSus protein dynamics
at the cell surface have not been characterized but warrant
further investigation given the major structural differences
between SusG and BoGH13Ag,,..

Beyond the topological differences in these enzymes,
we were surprised to find that BOGH13Ag , coordinates
Mn?* and that Mn?* supplementation augmented growth
of the BtAsusG + bovatus_03803 strain (Fig. 7B, Sup-
plementary Fig. 16A). To our knowledge, this is the first
example of a Mn**-dependent amylase, although there are
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Mn**-dependent GH4 enzymes that act on a-glucosides [97,
98]. Dietary Mn?* is absorbed in the small intestine [99].
Excess Mn?" is returned to the digestive tract via the liver
and is readily detected in the lumen of the murine colon
[100, 101]. In agricultural applications, exogenous supple-
mentation of feed enzymes such as xylanase and a-glucanase
increases Mn** release from feedstuffs such as wheat, bar-
ley and corn, raising the possibility that microbial sources
of these enzymes could promote additional deposition of
Mn?* and other metals in the gut [102, 103]. Still, most of
the research around Mn?* in the gut microbiota involves the
interplay between host and pathogen in nutritional immunity
[104]. Mn*" is a cofactor in some bacterial superoxide dis-
mutases that detoxify superoxide radicals generated by the
immune response [105]. In turn, the host produces calpro-
tectin in the intestinal lumen to sequester metals including
Mn?* and some enteric pathogens overcome this by upregu-
lating cation transporters [106].

At this point, the influence of colonic Mn?* levels on the
gut microbiota is unknown, much less how it influences pol-
ysaccharide degradation [104]. This may be of interest given
that Mn%* binding could be a hallmark of the GH13_47 sub-
family (Supplementary Fig. 19G, H) and this subfamily is
highly represented in the Bacteroidetes (Fig. 8C and Sup-
plementary Fig. 18 B-D).

Increasing starch flux to the gut, via the consumption of
resistant starches that escape host enzymes or by inhibit-
ing those enzymes with pharmaceuticals like acarbose, is of
interest given the therapeutic benefits [107, 108]. However,
individual responses to these interventions vary [107, 109],
so knowing what bacterial starch degradation machinery a
person’s microbiota harbors will be key to prescribing the
correct treatment. For example, GH13_47s and GH13_36s
are not the only starch active enzymes that can support Bac-
teroidetes growth. Some species within this phylum grow
on starch but do not encode a GH13_47 or GH13_36 [29,
110]. Broadly speaking, the structure and function of other
Bacteroidetes a-amylases should be studied and specifically,
CBM98-containing enzymes warrant further investigation
given that they vary from BoGH13Ag,,..

Materials and methods

Bacterial genetic manipulation and growth
conditions

Bacteroides thetaiotaomicron (VPI-5482) (Bt) and Bac-
teroides ovatus (ATCC 8483) (Bo) were routinely grown
on tryptone—yeast extract—glucose (TYG) medium [111],
minimal medium (MM) [12] or on brain heart infusion
(Becton Dickinson) agar supplemented with 10% horse

blood (Colorado Serum Co.). For all growths and genome
manipulations, the parent strains BtAtdk and BoAtdk were
utilized and are considered wild type as they contain no
sus mutations [85, 112]. bovatus_03803 (which encodes
BoGHI13Ag,,) was deleted from the Bo genome using a
previously described counter selectable allelic exchange
vector pExchange-rdk [112] to generate the strain BoA
bovatus_03803. BtAsusG was derived previously [24].
BoAbovatus_03803 and BtAsusG were used as recipient
strains to introduce a-amylase from the opposite organism
into the native a-amylase gene location of each sus locus.
bovatus_03803 was cloned into pExchange containing
750 bp flanks (bt_3697 and susF), while susG was cloned
into pExchange containing 750 bp flanks (bovatus_03802
and bovatus_03804), both using overlap extension PCRs.

To assess a pathology in the BtAsusG + bovatus_03803
strain, bovatus_03803 was cloned into a pNBU2 vector
with a constitutively active promoter (sigma 70, rpoD)
and complemented into one of two tRNA® sites [12, 75].

To generate Bo-CBM*, Bo-surf* and Bo-CBM*surf*
strains, a pExchange vector containing 750 bp flanks
on either side of the wild-typed cloned bovatus_03803
gene was generated. This was subsequently used as a
template for mutagenesis (described below) to itera-
tively generate each of the variants pExchange vectors.
BoAbovatus_03803 was used as the recipient strain to
facilitate faster screening of potential positive clones.

All manipulated Bt and Bo strains were screened for
proper incorporation of the target gene by PCR-amplify-
ing the expected inserts and subjecting them to Sanger
sequencing at the University of Michigan DNA sequencing
core or Azenta Life Sciences. All strains and constructs are
listed in Supplementary Table 1, and primers are listed in
Supplementary Table 2.

For plate reader growths, strains were inoculated into
TYG from freezer stocks and grown overnight (16 h) at
37 °C in a Coy anaerobic chamber (85% N,/10% H,/5%
CO,). Cells were then back diluted 1:50 into MM contain-
ing 5 mg/mL glucose and grown overnight. The next day,
cells were centrifuged and washed with 2X MM containing
no carbon source and diluted 1:100 into MM with 2.5 mg/
mL of experimental carbohydrate + 0.5 mg/ml maltose
in parallel with a MM + 2.5 mg/ml glucose control. Sub-
strates included maltose (Sigma), potato amylopectin
(Sigma), potato starch (Sigma), maltoheptaose (Carbo-
synth), pullulan (Megazyme) and bovine liver glycogen
(Sigma). Kinetic growth experiments were performed in
96-well plates in an anaerobic chamber at 37 °C outfitted
with a BioTek Biostack plate-handler and Powerwave HT
plate reader. An ODg, was recorded every 10 min with
the average of 3 replicates.
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Gene cloning and site-directed mutagenesis
for heterologous protein expression

The gene encoding BoOGH13Ag (residues 21-758) from Bo
(bovatus_03803 [GenBank: ALJ48408], previous annota-
tion: bacova_03514 [GenBank: EDO10881]) was amplified
from genomic DNA purified from B. ovatus ATCC 8483
using PCR. Amplification was done using an N-terminal
primer encoding a tobacco etch virus (TEV) protease
cleavage site between the 6x-Histidine tag and start of the
BoGHI13Ag,, coding sequence. PCR was performed using
the Phusion Flash High-Fidelity system. The amplicon was
inserted into the pETite vector using the Expresso T7 Clon-
ing system from Lucigen. The BOGH13Ag, -pETite vector
was used as a template for subsequent mutagenesis reactions
and PCRs. All constructs were cloned with the same 6x-His-
TEV site at the N terminus as BoOGH13Ag,-pETite. CBM98-
pETite contains residues 22—-143. CBM98-CBM48—pETite
contains residues 22-296. CBM98binding residues W92 and
W98 were mutated to alanine residues in both a CBM98 and
BoGH13Ag, background to generate CBM98-W92,98A
and BoGH13Ag ,-CBM*, respectively. Surface site binding
site residues W555 and Y592 were mutated to alanine resi-
dues in a BOGH13Ag background to generate BOGH13Ag,
surf*. This construct was used as template to mutate W92
and W98 to alanines to make a combined CBM98 and sur-
face binding site mutant, BoGH13Ag, -CBM*surf*. Putative
catalytic amino acids D581 and D477 were mutated to aspar-
agine residues, while E523 was mutated to glutamine within
BoGHI13Ag,. Mutagenesis reactions proceeded as follows:
150 or 300 ng of template DNA was used in 50 pl reactions
containing 0.5 uM each of forward and reverse primers. PCR
cleanup was followed by Dpnl digest to remove template
DNA and subsequent transformation of 10G E. coli compe-
tent cells with reaction product. Mutations were confirmed
with Sanger sequencing at the University of Michigan DNA
Sequencing Core or Azenta Life Sciences. All constructs are
listed in Supplementary Table 1, and primers are listed in
Supplementary Table 2.

Protein expression and purification

Rosetta (DE3) pLysS cells were transformed with the desired
BoGHI13Ag construct. 20 ml of an overnight culture from
LB medium were used to inoculate 1 L of TB medium the
following morning. Cells were grown to an ODg, of 0.8—1
at 37 °C with shaking (180 RPM) and subsequently cooled
on ice water. Expression was induced with 0.5 mM isopropyl
B-p-1-thiogalactopyranoside (IPTG), and cells were grown
at 22 °C for 18 h. The next day, cells were harvested by cen-
trifugation for 10 min at 10,000xg. Cell pellets were stored
at -80 °C.
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All constructs were purified on a 5-mL His-Trap metal-
affinity column (GE Healthcare and Cytiva Life Sciences).
The column was equilibrated in lysis buffer (25 mM
NaH,PO,, 500 mM NaCl, 20 mM imidazole, pH 7.5). Cells
were resuspended in lysis buffer, sonicated on ice and then
centrifuged at 4 °C for 30 min at 30,000xg. Cleared lysate
was applied to the column at room temperature, which was
then washed with lysis buffer until reaching a baseline A,yg,.
Protein was eluted with a 70 mL gradient from 0 to 100%
elution buffer (25 mM NaH,PO,, 500 mM NaCl, 300 mM
imidazole, pH 7.5). Fractions containing target protein were
confirmed via SDS-PAGE and pooled. Recombinant TEV
protease was incubated with protein at a 1:30 molar ratio
in lysis buffer to remove the 6x-His tag. The reaction was
allowed to proceed either overnight at room temperature or
for 2 days at 4 °C. The mixture was applied to a His-Trap
column to remove the His-tagged TEV protease, 6x-His tag
and undigested SusG protein. Pure fractions were confirmed
via SDS-PAGE and dialyzed against 20 mM HEPES (pH
7.0) and 100 mM NaCl at 4 °C overnight.

Crystallization and data collection
Native structure determination

BoGH13Ag,, was concentrated to 10 mg/mL based on an
estimated extinction coefficient of 163,320 M~ cm™". Crys-
tallization conditions were initially surveyed via sitting drop
vapor diffusion at room temperature using an Art Robbins
Gryphon LCP crystallization robot. Screening was car-
ried out using commercially available kits from Morpheus,
Hampton and Jena Bioscience. Hanging drop refinement was
pursued using conditions from the Morpheus screen includ-
ing their 1.2 M ethylene glycols and precipitant 4 (25% v/v
methyl-2,4-pentanediol [MPD]; 25% poly(ethylene glycol)
[PEG] 1000; 25% w/v PEG 3350 for a total of 75% precipi-
tant). 1 M solutions of 2-(N-Morpholino)-ethane sulfonic
acid (MES) and imidazole were prepared (Sigma). Imidazole
was added drop wise to 30 mL of MES to reach a pH of 6.5.
Optimization of crystallization conditions was subsequently
carried out using 0.1-0.13 M ethylene glycols and 34-36%
precipitant mix 4 in 100 mM imidazole/MES buffer, pH 6.5
using 1 pl of well solution and 2 pl of protein in a hang-
ing drop format with 500 pl of well solution. Large, single
crystals were transferred from 34% precipitant, 0.1 M eth-
ylene glycols and placed into a cryoprotectant solution of
80% well solution and 20% ethylene glycol for 30 s before
flash-freezing in liquid nitrogen. These crystals belonged
to the monoclinic space group P2, with unit cell dimen-
sions of a=100.3 A, b=148.3 A, c=112.7 A, p=91.01°.
X-ray data were collected at the Advanced Photon Source
Life Science Collaborative Access Team (LS-CAT) beam-
line ID-F at Argonne National Laboratories in Illinois. Data
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were processed and scaled in Xia2 [113] with XDS [114].
Molecular replacement was carried out in Balbes [115] and
the model selected was PDB 3M07, a structural genomics
deposition of a putative a-amylase from Salmonella typh-
imurium str. LT2. Several rounds of Autobuild in Phenix
[116] produced a model containing four monomers in the
asymmetric unit. The model was manually adjusted in Coot
[117, 120] followed by refinement in Refmac [121]. Data
were re-processed in Xia2 using DIALS [122] and solved by
molecular replacement using Phaser [123] in Phenix [124,
125] with the initial BoOGH13Ag,; model refined in Coot.
The final model was produced via manual adjustment in
Coot and refinement in Refmac.

BoGH13A¢ —acarbose structure determination

9.8 mg/mL BoGH13Ag,, with 10 mM acarbose (Sigma) was
screened for crystallization as previously described with
refinement pursued using the Morpheus monosaccharides
mix and hand-made mixes of their buffer system 2 (1 M
sodium 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES]/3-morpholinopropane-1-sulfonic acid [MOPS],
pH 7.5) and precipitant mix 2 (40% v/v PEG methyl ether
[MME] 550; 20% w/v PEG 20,000). Optimized crystalli-
zation conditions included 0.12 M monosaccharides mix,
28-32% precipitant mix 2 and 100 mM HEPES/ MOPS
pH 7.5 using 1 pl of well solution and 2 pl of protein in
hanging drop format with 500 pl of well solution. Suitable
crystals were transferred from 30% precipitant to a cryo-
protectant solution comprised of 70% well solution, 20%
glycerol and 10% acarbose (final concentration of 10 mM)
for 30 s and flash frozen in liquid nitrogen. These crystals
also belonged to the space group P2, with unit cell dimen-
sions of a=100.1 A, b=1253 A, c=150.8 A, p=102.1°.

X-ray data were collected at the Advanced Photon Source
Life Science Collaborative Access Team (LS-CAT) beam-
line ID-D at Argonne National Laboratories in Illinois. Data
were processed with Xia2 [113] and scaled in Aimless [126].
The native BOGH13Ag, structure was used as the molecu-
lar replacement model in Phaser [123] within Phenix [127]
followed by Autobuild [116] to derive the initial model and
map for refinement. The asymmetric unit was comprised of
four monomers. The model was manually adjusted in Coot
[117, 120] followed by refinement in Refmac [121]. Carbo-
hydrate geometry was validated in Privateer [128].

BoGH13A,, ,—maltoheptaose structure determination

All three active site variants (D477N, E523Q and D581N)
were screened for crystallization properties with 9.8 mg/ml
protein as described above with 10 mM maltoheptaose (Car-
boexpert), but the E523Q protein yielded the most work-
able crystals. Crystals were further refined out of Morpheus

screening conditions using hanging drop vapor diffusion.
Ethylene glycols, precipitant mix 4 (described above), and
buffer system 3 (created by mixing 1 M 2-Amino-2-hydrox-
ymethyl-propane-1,3-diol [Tris-base] and 1 M N,N-bis(2-
hydroxyethyl)glycine [Bicine] to a pH of 8.5) were used in
refinement. Suitable crystals grew in hanging drop format
with 500 pl of well solution from drops containing 2 pl
of protein and 1 pl of a well solution comprised of 36%
precipitant mix 4, 0.08 M ethylene glycols mix and 0.1 M
buffer system 3. Crystals were moved to a cryoprotectant
solution containing 73% well solution, 18% ethylene glycol
and 9% maltoheptaose (final concentration of 9.1 mM) for
30 s and flash frozen in liquid nitrogen. Crystals belonged to
the space group P2, with unit cell dimensions of a=98.7 A,
b=128.6 A, c=149.8 A, p=105.4°.

X-ray data were collected at the Advanced Photon Source
Life Science Collaborative Access Team (LS-CAT) beam-
line ID-D at Argonne National Laboratories in Illinois. Data
were processed and scaled as described for the acarbose-
bound structure. Phasing, initial model generation and
refinement were also done as described above for the acar-
bose-bound structure. Carbohydrate geometry was validated
in Privateer [128].

Thin-layer chromatography (TLC)

0.5 pM BoGHI13Ag,, was incubated at 37 °C overnight
in 20 mM HEPES, 100 mM NaCl, pH 7.0 with 5 mg/
ml of one of the following polysaccharides or oligosac-
charides: maltose (Sigma), maltotriose (Carboexpert),
maltotetraose (Carboexpert), maltopentaose (Carbo-
synth), maltohexaose (Carbosynth), maltoheptaose (Car-
boexpert), 6-a-p-glucosyl-maltotriose (Megazyme),
6°-a-p-glucosyl-maltotriosyl-maltotriose (Megazyme),
potato amylopectin (Sigma), bovine liver glycogen (Sigma),
pullulan (Megazyme), dextran (Sigma), acarbose (Sigma),
a-cyclodextrin (Sigma), p-cyclodextrin (Sigma), panose
(Sigma) and isomaltose (Sigma). Two microliters of each
reaction was spotted onto a 20X 20 cm silica gel 60G F,s,
glass plate (MilliporeSigma). Controls of each sugar without
BoGH13Ag,, were spotted. The plate was allowed to air-
dry and then placed into a solvent chamber with 1-butanol/
acetic acid/water in a 2:1:1 v/v ratio. One irrigation was per-
formed after which the plate was dried with a hair dryer. The
plate was then immersed in a developer solution containing
sulfuric acid/ethanol/water in a 3.2:75.3:21.5 ratio with 1%
orcinol (Sigma) for 30 s. The plate was dried with a hair
dryer and visualized after heating in an oven for 10-20 s.
BoGHI13Ag,, is annotated as a malto-oligosyltrehalose
trehalohydrolase, TreZ (EC 3.2.1.141). These enzymes
hydrolyze al,4-glycosidic linkages between trehalose and
a glucan comprised of al,4 linkages. It was not possible
to obtain suitable substrate to test the forward reaction, so
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BoGH13Ag,, was incubated with trehalose and maltose to
see if the reverse reaction would occur. No maltosyl treha-
lose was synthesized (data not shown).

In separate experiments, 10 mg/ml WT and E523Q
BoGHI13Ag,  and 1 pM WT and BoGH13Ag, E523Q were
incubated overnight at room temperature with 10 mM G7 in
100 mM Bis-Tris/Bicine pH 8.5, 0.08 Morpheus ethylene
glycols mix and 36% Morpheus precipitant mix 4. The reac-
tion was diluted twofold, and 3 pl was spotted and resolved
on TLC as described above. 1.25 mg/ml of each of G1-G7
was diluted into the same reaction buffer to run as standards
(3 pb).

To observe possible BOGH13Ag, transglycosylation of
acarbose in crystals, hanging drops containing crystals that
formed in the same conditions as described for the acar-
bose-bound structure determination were smashed to dis-
solve the crystals. Three microliters of the smashed mixture
was loaded onto a TLC plate, along with the same volume
of 1.25 mg/ml acarbose and G1-G7 as standards. Stand-
ards were diluted in water. The TLC plate was visualized as
described above.

Isothermal titration calorimetry (ITC)

CBM98 and CBM98-CBM48 binding to oligosaccharides
was assessed via isothermal titration calorimetry (ITC) at
25 °C using a TA instruments low-volume NanoITC, except
where noted. All constructs (CBM98, CBM98-W92,98A,
CBM98-CBM48, CBM98-CBM48-W92,98A) were
used at 100 pM. 2 mM maltoheptaose, a-cyclodextrin and
B-cyclodextrin were titrated, while maltotriose was titrated
at 10 mM. Finally, 0.5% autoclaved potato amylopectin
was also titrated to assess binding. Exceptions to the above
include the following: CBM98-CBM48 binding to - and
p-cyclodextrin was conducted in a standard volume instru-
ment using 25 pM protein and 1 mM ligand with a ligand
into buffer blank used to subtract the heat of dilution. A con-
stant blank correction was used for oligosaccharides while
an amylopectin blank into dialysis buffer was used to sub-
tract the heat of dilution for those experiments. All data were
analyzed using the manufacturer’s NanoAnalyze software.
An independent binding model was used for analysis except
for maltotriose. The binding in this case was low, which was
difficult to model, so N was set to 1. Finally, the concentra-
tion of amylopectin was manually adjusted to achieve an N
of 1 according to [73].

Native polyacrylamide gel electrophoresis (PAGE)
Native PAGE was used to assess BOGH13Ag,, binding
to potato amylopectin, glycogen, pullulan and autoclaved

potato starch [73, 74]. Six percent native polyacrylamide
gels in 0.375 M Tris—HCI, pH 8.8, with or without the
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addition of 0.1% carbohydrate were subjected to 75 V for
6 h. The gel rigs were placed in ice water for the run to pre-
vent gels from overheating. Five microliters of 0.5 mg/ml
BoGH13Ag,, variant or BSA (negative control) was loaded
per well. Gels were stained for 30 min in 0.1% Coomassie
R-250 in 10% acetic acid, 50% methanol and 40% water.
They were de-stained for 30 min in the same solution lacking
the Coomassie, put into fresh de-stain for 30 min, stored in
5% acetic acid overnight and visualized the next day.

Wild-type and variant BoGH13A, , activity
on an oligosaccharide

Wild-type and variant BOGH13A, activity on an oli-
gosaccharide was assessed using a colorimetric amylase
activity kit from LSBio (LS-K10, Seattle, WA). Briefly,
ethylidene-para-nitrophenol-maltoheptaose (blocked pNP-
G7) is hydrolyzed by BoGH13Ag,, and exposes a new non-
reducing end. This non-reducing end becomes a substrate for
an o-glucosidase in the kit that causes the eventual release
of 4-nitrophenol (pNP) from BoGH13Ag, products. The
manufacturer’s instructions were followed using 150 nM of
WT, CBM#*, surf*, CBM*surf* and E523Q BoGH13Ag,
at 25 °C in duplicate. The absorbance was read at 405 nm in
a Biotek SynergyH1 plate reader every minute upon addi-
tion of enzyme. An initial rate was obtained from the linear
portion of the curves from six to twenty minutes. pNP con-
centrations were derived using a standard curve of pNP in
reaction buffer conditions.

Wild-type and variant BoGH13A¢; activity
on polysaccharides

The dinitrosalisylic acid-based method for the detection
of reducing ends [129] was followed according to [130].
A stock reagent containing 1% 3,5-dinitrosalisylic acid
(Sigma), 1% sodium hydroxide (Fisher Scientific), 0.2% phe-
nol (Sigma) and 0.5% sodium sulfite (Sigma) was prepared.
Working reagent (DNSA,,) was made by adding 1 pl of 20%
a-glucose (Sigma) per ml of DNSA stock reagent for a final
glucose concentration of 0.02%. A standard curve from 0 to
8 mM maltose was generated each time new working rea-
gent was prepped. The maltose was diluted in reaction buffer
and an equivalent volume was processed as for the reaction
conditions (see below).

To compare WT and variant BOGH13Ag,, (CBM*, surf*
and CBM*surf*) activity on different polysaccharides,
200 pl reactions were set up in duplicate. 100 pl of 2 X buffer
and 2 x protein were added to 100 pl of 2 X carbohydrate for
a final concentration of 100 nM protein, 20 mM HEPES
pH7, 100 mM NaCl and 2.5 mg/ml carbohydrate (potato
amylopectin, pullulan, glycogen or autoclaved potato starch).
A no enzyme control was used for each polysaccharide to
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obtain the time =0 reading. Reactions were carried out
at 25 °C. After ten minutes, 150 pl of each reaction was
added to 150 pl of DNSA working reagent. The mixture
was transferred to Eppendorf tubes and boiled at 100 °C in
a heat block for 15 min, cooled in ice water for 5 min and
equilibrated to room temperature. Two 100 pl samples were
taken from each replicate and standard curve sample and
transferred to a clear 96-well plate (Corning) to be read in a
SynergyH1 plate reader at 540 nm. The total concentration
of reducing ends was calculated according to the standard
curve by subtracting the no enzyme control reading from the
ten-minute timepoint.

Red starch activity assay in the presence of various
metals

A stock solution of red starch (Megazyme) was prepared in
KCl according to the manufacturer’s instructions. 1.5 mg/ml
and 15 mg/ml red starch and 750 nM BoGH13Ag,, with no
added metals or 15 pM, 150 uM or 1.5 mM CaCl, and either
MgCl,, MnCl,, CuSO,, CoCl,, ZnCl,, NiSO, or additional
CaCl, were incubated at 37 °C for 5 min in 2-ml Nunc deep
well plates (Thermo). One hundred and twenty microlit-
ers of protein solution was added to 60 pl of red starch to
achieve final concentrations of 500 nM enzyme, 0.5 or 5 mg/
ml starch and 20 pM, 200 pM or 2 mM total added metal
in 20 mM HEPES, 100 mM NaCl pH 7.0. The reaction was
allowed to proceed for 5 min at 37 °C and stopped with
the addition of 300 pul of 95% ethanol. Mixtures were trans-
ferred to an Eppendorf tube to spin for 20 min at 1,000 xg.
2% 200 pl of each sample was transferred to a clear 96-well
plate and read in a SynergyH1 plate reader at 510 nm.

Sequence alignments and phylogenetic analyses

SusDEF (BT_3701, BT_3700 and BT_3699, GenBank:
AAO78806.1, AAO78805.1 and AAO78804.1, respec-
tively) were aligned with the corresponding proteins from
Bo, BoSusD, BoSGBPg,-B and BoSGBPg-A, respectively
(Bovatus_03806, Bovatus_03805 and Bovatus_03804, Gen-
Bank: ALJ48411.1, ALJ48410.1 and ALJ48409.1, respec-
tively) using the ClustalOmega webserver https://www.ebi.
ac.uk/Tools/msa/clustalo/ using default parameters [131,
132]. Binding site residues from the Bt proteins and the
corresponding Bo protein residue are boxed according to
whether or not they are conserved, if experimental evidence
exists that mutating the residue leads to loss of binding com-
petency and if the residue is in close proximity to bound
ligand in the Bt protein structures [24, 112, 133].

SusG and BoGH13Ag  alignments were carried out in
MegAlign Pro within DNASTAR with the Global: Needle-
man—Wunsch algorithm using default parameters [134,
135]. A BLOSUMA40 substitution matrix was used to align

full-length SusG with full-length BoGH13Ag,,. A BLO-
SUMSS5 matrix was used to align the GH13 portions of SusG
and BoGH13Ag,,. The BLOSUM matrices were chosen after
initial alignments with a range of matrices and subsequently
40 or 55 were chosen as they gave the highest scores.

Selected GH13 sequences from subfamilies 36, 23, 31,
10, 47 and group_rel-3 (see Supplementary Table 3) were
submitted to the NGPhylogeny.fr workflow using standard
parameters [136]. MAFFT was used to create the initial
alignment [137]. The alignments were trimmed and cleaned
using BMGE [138]. FastME was used to construct a distance
matrix and output tree, which was ultimately rendered using
a Newick display [136, 139, 140]. The tree was displayed
with iTOL [141].

Selected CBM98—-CBM48-GH13_47 enzymes (see Sup-
plementary Table 3) were aligned with ClustalOmega within
MegAlign Pro to compare the CBM48s and Mn**-binding
sites within these proteins [131, 135].

CBM?20 from Aspergillus niger (residues 509-616,
[142]), CBM48 from barley limit dextrinase (residues
126-226, [143]) and BoCBM48 (residues 173-295) were
aligned using MAFFT within MegAlign Pro with default
parameters [135]

Full-length CBM98 domain sequences were extracted
from the CAZy database and aligned using MAFFT (v7.453)
with default parameters [29]. A total of 812 sequences were
aligned. Sequences were culled in JalView (v2.11.2.6) at a
90% redundancy cutoff to generate an appropriate file size
to submit to the Consurf server [78—80]. There were 288
sequences in the final alignment.

Native and inductively coupled plasma mass
spectrometry

Native mass spectrometry data were collected on a QE
Exactive Ultra-High Mass Range (UHMR) orbitrap system
(ThermoFisher). Tune settings were carefully selected such
that the protein would remain intact for the duration of the
experiment. Prior to MS, samples were buffer exchanged
into 200 mM ammonium acetate (pH=28) (Sigma) to a final
concentration of 10 pM protein using P-6 Biospin Columns
(Bio-Rad). Ions were generated using nanoelectrospray ioni-
zation in positive polarity through direct infusion with the
nanospray FlexIon source (ThermoFisher). 1.5 kV of capil-
lary voltage was applied to a borosilicate emitter that was
coated in gold and fabricated in house using a P-97 pipette
puller (Sutter Instruments). The capillary temperature was
set to 275°, and the S-lens RF was set to 80. Data were
collected with a resolution of 200,000 at 200 Th and were
visualized with FreeStyle (ThermoFisher) and deconvoluted
with UniDec [144].

Inductively coupled plasma (ICP) mass spectrometry data
were collected with a Nexion 2000 ICP-MS (PerkinElmer)
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that utilizes argon plasma. 10 pM BoGH13Ag,, samples
were diluted with 2% nitric acid (Sigma) prior to analysis
and ionization. Internal standards (PerkinElmer), namely
bismuth, holmium, indium, lithium-6, scandium, terbium
and yttrium, were employed to ensure data reproducibility.
Calibration curves were constructed for >>Mn and **Ca,
ranging from 1 to 50 ppb via ICP-MS, with a blank sample
also being run. ICP-MS data for BOGH13Ag,, samples were
collected in triplicate by autosampling. Data were analyzed
with Synergistix (PerkinElmer) and Excel (Microsoft).

Histogram and Venn diagram construction

Proteins containing either GH13_36 or GH13_47 modules
were extracted from CAZy data in October 2022, corre-
sponding to 614 and 486 proteins [29]. Histograms and Venn
diagrams were generated using home-made Python (v3.8.10)
scripts as follows.

Each protein was associated with additional information
extracted from the private CAZy and PULDB data [79],
using “mysql-connector-python” (v8.0.31) to import data
and “pandas” (v1.2.3) to store in DataFrames. This infor-
mation included: (i) the sequence length; (ii) the organism
full-name (including its strain); (iii) the taxonomic phy-
lum, to distinguish Bacteroidetes; (iv) the PUL identifier, if
belonging to a predicted PUL in PULDB; (v) co-presence in
this PUL of both SusA-like (GH13_46 subfamily [145]) and
SusB-like (GH97 private subfamily 2 in CAZy) homologs,
or not.

To compare the protein lengths between these two
subfamilies, we generated histograms using “seaborn”
(v0.12.2). The impact of extreme values was reduced by
applying a log2 transformation.

Venn diagrams were produced using “matplotlib-venn”
(v0.11.7) based on two distinct features: organism names
(orange/blue diagrams) and presence in a PUL (pink/purple
diagrams).

Western blot analysis

Bo and Bt strains were inoculated from freezer stocks
in TYG and back diluted 1:50 into MM +5 mg/ml glu-
cose. The next day, strains were back diluted into 5 ml
of MM + 5 mg/ml maltose to achieve a starting ODg, of
0.15 — 0.2. Strains were grown anaerobically at 37 °C to
an ODyg,, of 0.65-0.72 after which the cells were pelleted.
The pellet was resuspended in 50 pl of leftover media after
centrifugation and mixed with 50 pl of 2 X sample buffer
containing f-mercaptoethanol and extra SDS. Samples were
boiled for 10 min at 100 °C, and 5 pl of total cell lysate
or 2.5 ng of boiled purified protein was loaded in an 8%
SDS-PAGE gel. Gels were run at 180 V for 65 min and
protein transferred to an Immobilon PVDF membrane using

@ Springer

the Bio-Rad Trans-Blot turbo system according to the manu-
facturer’s instructions. Membranes were blocked for 1 h at
room temperature or overnight at 4 °C in 20 ml of Tris-
buffered saline supplemented with 0.5% Tween-20 (TBS-
T), 2% normal goat serum (Jackson Immunoresearch) and
0.02% NaNj (blocking buffer). Membranes were rinsed with
TBS-T before incubating with 20 ml of a 1:500 dilution of
aBoGHI13Ag, (Lampire Biological Laboratories) or aSusG
[24] in blocking buffer for 1 h at room temperature. Mem-
branes were washed 4 X5 min in TBS-T before incubation
with 20 ml of a 1:3000 dilution of goat anti-rabbit HRP con-
jugate (Bio-Rad) for 1 h at room temperature. Membranes
were washed 4 X5 min in TBS-T before visualizing with
luminol/peroxide (ThermoScientific) in a Syngene Pxi6
instrument using GeneSys software.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04812-w.
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